The mucin MUC1 is typically aberrantly glycosylated by epithelial cancer cells manifested by truncated O-linked saccharides. The resultant glycopeptide epitopes can bind cell surface major histocompatibility complex (MHC) molecules and are susceptible to recognition by cytotoxic T lymphocytes (CTLs), whereas aberrantly glycosylated MUC1 protein on the tumor cell surface can be bound by antibodies to mediate antibody-dependent cell-mediated cytotoxicity (ADCC). Efforts to elicit CTLs and IgG antibodies against cancer-expressed MUC1 have not been successful when nonglycosylated MUC1 sequences were used for vaccination, probably due to conformational dissimilarities. Immunizations with densely glycosylated MUC1 peptides have also been ineffective due to impaired susceptibility to antigen processing. Given the challenges to immuno-target tumor-associated MUC1, we have identified the minimum requirements to consistently induce CTLs and ADCC-mediating antibodies specific for the tumor form of MUC1 resulting in a therapeutic response in a mouse model of mammary cancer. The vaccine is composed of the immunoadjuvant Pam 3 CysSK 4 , a peptide T helper epitope and an aberrantly glycosylated MUC1 peptide. Covalent linkage of the three components was essential for maximum efficacy. The vaccine produced CTLs, which recognized both glycosylated and nonglycosylated peptides, whereas a similar nonglycosylated vaccine gave CTLs which recognized only nonglycosylated peptide. Antibodies elicited by the glycosylated tripartite vaccine were significantly more lytic compared with the unglycosylated control. As a result, immunization with the glycosylated tripartite vaccine was superior in tumor prevention. Besides its own aptness as a clinical target, these studies of MUC1 are likely predictive of a covalent linking strategy applicable to many additional tumor-associated antigens.
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cancer vaccine | multicomponent | chemical synthesis | Tn antigen A large number of carcinomas of breast, ovary, colon, rectum, pancreas, and prostate exhibit a striking overexpression of MUC1 resulting in a loss of polarization and altered glycosylation (1, 2) . MUC1 is a heavily glycosylated type 1 transmembrane mucin that is expressed on the apical surface of glandular epithelial cells at low levels and at very high levels following transformation. Human MUC1 is composed of a cytoplasmic signaling peptide, a transmembrane domain, and an ectodomain composed of a variable number tandem repeats of twenty amino acids. Each repeat contains five potential O-glycosylation sites. The glycosylation pattern depends on the tissue of origin and the physiological state of the tissue (1, 3) . Tumor-associated MUC1 is aberrantly glycosylated due to a lack of core 1,3-galactosyltransferase (T-synthase) (4), producing truncated carbohydrate structures such as Tn (αGalNAc-Thr), STn (αNeu5Ac-(2,6)-αGalNAc-Thr), and Thomsen-Friedenreich (TF) antigen (βGal-(1,3)-αGalNAc-Thr). Recently, the NCI Translational Research Working Group prioritized cancer vaccine targets based on therapeutic function, immunogenicity, role of Ag in oncogenicity, specificity, expression level, stem cell expression, percentage of patients with antigen positive cancer, and cellular location (5).
MUC1 was ranked second of 75 tumor-associated antigens. In this respect, MUC1 displays nearly ubiquitous expression in a wide variety of tumor types: It is found on cancer stem cells and has a functional role in tumorigenesis.
Humoral responses to MUC1 have been observed in benign diseases and carcinoma patients and the presence of circulating antibodies against MUC1 at the time of cancer diagnosis has been correlated with a favorable disease outcome in breast cancer patients (6, 7) . The MUC1-derived peptide sequences RPAPGS, PPAHGVT, and PDTRP have been identified as the most frequent minimal epitopes (8, 9) . Furthermore, modification of the peptides with αGalNAc (Tn-antigen) led to stronger antibody binding. It has been proposed that the improved binding is due to saccharide induced conformational change of the peptide backbone (10) (11) (12) .
Cytotoxic T lymphocytes (CTLs) isolated from patients with breast carcinoma can recognize epitopes present on MUC1 tandem repeat peptide (13) . It has been proposed that T cell epitopes from the MUC1 core domain are packaged within tumor cells in their truncated glycosylation state into major histocompatibility complex (MHC) class I molecules, leading to natural MHC-restricted recognition of "hypoglycosylated" epitopes (14) (15) (16) (17) . Several MUC1-derived HLA-A2-binding peptides have been identified including STAPPAHGV and SAPDTR-PAPG (13, 18, 19) .
Early efforts to develop MUC1-based cancer vaccines focused on the use of unglycosylated MUC1 tandem repeat peptides of different lengths, conjugated to different carriers and/or administered with an adjuvant (8, (20) (21) (22) (23) (24) (25) (26) (27) . In general, these strategies have failed to elicit effective immune responses to MUC1-expressing cancer cells, probably due to the conformational disparities between nonglycosylated vaccine sequences and tumor-expressed, aberrantly glycosylated MUC1 (10) (11) (12) . The immunogenicity of carbohydrate epitopes (Tn-or sialosyl-Tn) conjugated to an antigenically irrelevant carrier protein has been examined in mice, however, these constructs elicited only modest IgM and IgG antibody responses (28) (29) (30) (31) . Such vaccine candidates suffer from immune suppression by the carrier protein and, in addition, cannot activate CTL responses. A synthetic 60-mer MUC1 tandem-repeat peptide, which was glycosylated by polypeptide GalNAc transferases to give saturating O-glycan occupancy (five sites per repeat), elicited only modest antibody responses (32) . Recent clarifying studies have shown that a densely glycosylated MUC1 glycopeptide cannot be processed by antigen-presenting cells (APCs) (17) , thereby compromising the presentation of class I and class II glycopeptides; consequently, T helper cells and CTLs will not be activated. Interestingly, glycopeptides carrying the Tn-or TF-antigens have been used to induce a carbohydrate-specific cytotoxic T cell response in mice (33) . Two-component vaccines, consisting of an MHC I glycopeptide and a T helper epitope, have shown promise in tumor models (34) . However, these vaccine candidates do not induce antibody responses. Thus, a MUC1-based cancer vaccine that consistently elicits relevant humoral and cellular immunity has not yet been developed.
We show here that a glycosylated MUC1-derived glycopeptide covalently linked to a Toll-like receptor (TLR) agonist can elicit potent humoral and cellular immune responses and is efficacious in reversing tolerance and generating a therapeutic response. The examination of a number of control compounds demonstrate that the therapeutic effect of the three-component vaccine is due to nonspecific antitumor responses elicited by the adjuvant, and specific humoral and cellular immune responses elicited by the MUC1-derived glycopeptide. It has been found that glycosylation of the MUC1 peptide and covalent attachment of the TLR agonist is critical for inducing optimal immune responses.
Results
Antigen Design and Tumor Challenge Studies. The efficacy of liposomal preparations of compounds 1, 2, 3, a mixture of 4 and 5, and 5 alone (Fig. 1 ) were examined in a well established mouse model for mammary cancer (35) . The multicomponent vaccine candidate 1 contains a tumor-associated glycopeptide derived from MUC1 (1, 3), the well-documented murine MHC class II restricted T helper epitope KLFAVWKITYKDT derived from polio virus (36) , and the lipopeptide Pam 3 CysSK 4 , which is a potent agonist of Toll-like receptor 2 (TLR2) (37) . Previously, the MUC1-derived glycopeptide SAPDTαGalNAc)RPAP, was identified as the antigenic-dominant domain of the tandem repeat of MUC1 (8, 9) . Furthermore, this epitope can also be presented in complex with MHC class I (K b ) resulting in the activation of CTLs (38) . The MHC class II restricted T helper epitope of 1 was expected to induce a class switch from IgM to IgG antibody production and facilitate the presentation of exogenous glycopeptides on MHC class 1. Finally, the Pam 3 CysSK 4 moiety of 1 will function as an inbuilt adjuvant by eliciting relevant cytokines and chemokines (37) . To determine the importance of the carbohydrate moiety of 1, construct 2 was examined, which has a similar structure as 1 except that the threonine of the MUC1 peptide is not glycosylated. Compound 3 lacks the MUC1 (glyco)peptide epitope of 1 and 2 and was examined to account for possible therapeutic effects due to immune activation by the adjuvant. Finally, a mixture of the glycopeptide 4 and adjuvant Pam 3 CysSK 4 5 was examined to establish the importance of covalent attachment of the adjuvant to the MUC1 glycopeptide and T helper epitope.
The multicomponent vaccine 1 was prepared by liposomemediated native chemical ligation of the thiobenzyl ester of Pam 3 CysSK 4 (39) and the glycopeptide CKLFAVWKI-TYKDTGTSAPDT(αGalNAc)RPAP (11, SI Appendix, Fig. S1 ) followed by purification by reverse phase C-4 column chromatography. Compounds 2, 3, and 4 were synthesized by a linear solid phase peptide synthesis (SPPS) protocol using a Rink amide AM resin, Fmoc protected amino acids, and Fmoc-Thr-(3,4,6-triO-acetyl-α-D-GalNAc). The resulting compounds were incorporated into phospholipid-based small unilamellar vesicles (SUVs) by hydration of a thin film of the synthetic compounds, egg phosphatidylcholine, phosphatidylglycerol, and cholesterol in a Hepes buffer (10 mM, pH 7.4) containing NaCl (145 mM) followed by extrusion through a 100 nm Nuclepore polycarbonate membrane. Groups of MUC1.Tg mice (C57BL/6; H-2 b ) that express human MUC1 were immunized three times at biweekly intervals with liposomal preparations of compounds 1, 2, 3, a mixture of 4 and 5, and 5 alone. After 35 d, the mice were challenged with Mouse Mammary Tumor (MMT) cells (positive for MUC1 and Tn) followed by one more boost after one week. One week after the last immunization, the mice were killed and the efficacy of the vaccines determined by tumor weight. Furthermore, the robustness of humoral immune responses was assessed by titers of MUC1-specific antibodies and the ability of the antisera to lyse MUC1-bearing tumor cells. In addition, cellular immune responses were evaluated by determining the number of IFN-γ producing CD8 + T cells and the ability of these cells to lyse cells.
Immunization with multicomponent vaccine candidate 1 led to a significant reduction in tumor burden compared with empty liposomes or treatment with compound 3, which does not contain a MUC1 glycopeptide epitope (Fig. 2) . Interestingly, immunizations with compound 3 led to somewhat smaller tumors compared with the application of empty liposomes, indicating antitumor properties due to nonspecific adjuvant effects. Unglycosylated multicomponent vaccine candidate 2 and a mixture of compounds 4 and 5 did not exhibit a significant improvement of anti-cancer properties compared with control immunizations. In these cases, large dispersion in tumor weights was observed whereas immunization with compound 1 led to substantial reduction in tumor weight in all mice.
Humoral Immunity. Anti-MUC1 antibody titers were determined by coating microtiter plates with the MUC1-derived glycopeptide CTSAPDT(αGalNAc)RPAP conjugated to maleimide-modified BSA. Compound 1 had elicited robust IgG antibody responses, and subtyping of the antibodies indicated a mixed Th1/Th2 response (Table 1 and SI Appendix, Fig. S2 ). Mice immunized with 1 but not challenged with MMT tumor cells elicited similar titers of antibodies, indicating that immune suppression by cancer cells was probably reversed. Inhibition ELISA using the MUC1-derived (glyco)peptides SAPDT(αGalNAc)RPAP (6) and SAPDTRPAP (7) as inhibitors showed that the polyclonal sera had slightly higher affinities for the glycosylated MUC1 epitope (SI Appendix, Table S1 and Fig. S3 ). Furthermore, low titers of antibodies against the T helper epitope were measured indicating that the candidate vaccine does not suffer from immune suppression. Although compound 2 does not contain a carbohydrate moiety, the resulting antisera could recognize the CTSAPDT(αGalNAc) RPAP epitope. However, in this case, no IgG3 antibodies were detected, consistent with an absence of carbohydrate in the vaccine. Interestingly, the mixture of compounds 4 and 5 had elicited low titers of antibodies, highlighting the importance of covalent attachment of the Pam 3 CysSK 4 to the glycopeptide epitope for robust antigenic responses. As expected, the controls that did not contain a MUC1-derived epitope (3 and 5) did not elicit anti-MUC1 antibody responses.
Antibody-dependent cell-mediated cytotoxity (ADCC) was examined by labeling two MUC1-expressing cancer cell types with 51 Cr, followed by the addition of antisera and cytotoxic effector cells (NK cells) and measurement of released 51 Cr. The antisera obtained by immunization with 1 was able to significantly increase cancer cell lysis compared with the control compound 3 (Fig. 3 A and B) . Importantly, antibodies elicited by compound 2 were significantly less efficacious in cell lysis compared with compound 1, highlighting the importance of glycosylation for relevant antigenic responses. As expected, the antisera derived from a mixture of 4 and 5 and the control derivatives lacking the MUC1 glycopeptide did not induce significant cell lysis. Cellular Immunity. To assess the ability of the vaccine candidates to activate CTLs, CD8 + T cells from lymph nodes of the mice were isolated by magnetic cell sorting and incubated with irradiated dendritic cells (DCs) pulsed with the immunizing peptides on ELISPOT plates. As expected, vaccine candidates 1 and 2 exhibited robust CD8 + responses compared with control ( 
The lytic activity of the isolated CD8 + cells without in vitro stimulation was examined by a 51 Cr-release assay in which DCs were pulsed with the MUC1-derived glycopeptide SAPDT (αGalNAc)RPAP (6) or the peptide SAPDTRPAP (7) in the case of immunization 2. CTLs activated by compounds 1 and 2 exhibited significantly greater cytotoxicity compared with controls (Fig. 4B) . Furthermore, mice immunized with a mixture of 4 and 5 exhibited a reduced lytic activity, further demonstrating the importance of covalent attachment of the various epitopes.
To investigate in detail the epitope requirements of the CD8 + cells, groups of five MUC1.Tg were immunized with liposomal preparations of compounds 1 and 2, followed by sorting CD62 Low T cells from lymph nodes, which were stimulated in vitro for 2 d by DCs pulsed with glycopeptide SAPDT(αGalNAc)RPAP (6) and peptide SAPDTRPAP (7), respectively and then allowed to expand for 14 d by culturing with IL-2, IL-7, and IL-15. The percentage of IFN-γ producing CD8 + cells was established after pulsing DCs with MUC1-derived (glyco)peptides 6-9. Compound 1 had activated a diverse range of CTL that could be activated by glycosylated and nonglycosylated structures, whereas those obtained by immunization with 2 only showed responsiveness with unglycosylated peptide 7. Furthermore, CD8
+ cells obtained from immunizing with 1 could lyse DCs pulsed with glycosylated and unglycosylated structures (Fig. 4C) .
These results indicate that CTLs activated by immunizations with 1 recognize a wider range of structures including glycosylated and unglycosylated MUC1-derived peptides whereas CTLs obtained from compound 2 exhibit a strong preference for unglycosylated peptides.
Cytokine Induction. The lipopeptide moiety of the three-component vaccine is required for initiating the production of necessary cytokines and chemokines by interacting with TLR2 on the surface of mononuclear phagocytes (37, 40, 41) . To examine the activity of the TLR2 moiety of the vaccine candidates, primary DCs obtained by an established method (42) were exposed over a wide range of concentrations to the compounds 1-3 and Escherichia coli 055:B5 LPS and the supernatants examined for mouse TNF-α, IFN-β, RANTES, IL-6, IL-1β, IL-10, IP-10, IL12p70, and IL-12/23p40 using commercial or in-house developed capture ELISAs (SI Appendix, Tables S2 and S3 and Fig. S4 ). The compounds induced the secretion of TNF-α, RANTES, IL-6, IL-1β, and IL-12/23p40 with similar efficacies and potencies indicating that attachment of the carbohydrate did not affect activity. The compounds did not induce the secretion of immunosuppressant IL-10, and furthermore, IFN-β and IP-10 were not detected, which is in agreement with TRIF-dependent cellular activation of these cytokines (43). Anti-MUC1 and anti-T helper antibody titers are presented as median values for groups of 4-13 mice. ELISA plates were coated with BSA-MI-CTSAPDT(αGalNAc)RPAP conjugate for anti-MUC1 antibody titers or NeutrAvidin-biotin-T helper for anti-T helper antibody titers. Titers were determined by linear regression analysis, with plotting of dilution versus absorbance. Titers are defined as the highest dilution yielding an optical density of 0.1 or greater relative to normal control mouse sera. *Liposomal preparations were used. MMT tumors were induced between the third and fourth immunization.
Discussion
Evidence is emerging that a successful cancer vaccine should be multimodal and activate several aspects of the immune system at once (44) . Although cellular and humoral immune responses against MUC1 have been observed in some cancer patients, it has been difficult to design cancer vaccine candidates that can elicit both of these responses (2) . Previously, we found that a tripartite vaccine composed of a glycopeptide derived from MUC1, a promiscuous T helper peptide, and a TLR2 agonist can elicit in wild-type mice exceptionally high titers of IgG antibodies (45) . Here, we report a detailed mechanistic study using a humanized mouse model of mammary cancer that demonstrates that the tripartite vaccine can elicit IgG antibodies that can lyse MUC1-expressing cancer cells, stimulate cytotoxicity of T lymphocytes, and activate innate immune responses, thereby reversing tolerance and generating a therapeutic response. The tumor model was selected because it is convenient for screening a relatively large number of compounds and resembles a model for treatment of a minimal residual disease in which cancer patients (breast cancer patients in particular) are apparently cancer free after surgery, radiation, and/or chemotherapy but are in danger of relapse due to the presence of micrometastatic tumors. It is the expectation that a cancer vaccine can destroy the remaining cancer cells, thereby improving long-term survival.
Analysis of control compounds revealed that reduction in tumor burden mediated by the tripartite vaccine was caused by specific immunity against MUC1 and by nonspecific adjuvant effects mediated by the TLR2 agonist. Evidence is emerging that TLRs are widely expressed by tumor cells and their activation can result in inhibition or promotion of tumorigenicity (46) . Furthermore, cytokines and chemokines, which are produced following the activation of the TLRs, can stimulate the expression of a number of costimulatory proteins for optimum interactions between helper T, B, and antigen-presenting cells. A recent study indicates that TLR1/2 agonists have a unique ability to reduce the suppressive function of Foxp3 + regulatory T cells (Tregs) and enhance the cytotoxicity of tumor-specific CTL in vitro and in vivo and potentially have more favorable antitumor effects than other TLR agonists (47) .
The studies presented here also demonstrated that covalent attachment of the TLR2 agonist to the glycolipoptide epitope is critical for eliciting antibodies and optimal CTL function. Lipidation with the TLR2 agonist makes it possible to formulate the candidate vaccine in a liposomal preparation, which probably will enhance its circulation time. Furthermore, a liposomal preparation presents the glycopeptide epitopes in a multivalent manner, thereby providing an opportunity for efficient clustering of Ig receptors of B-cells, which is required to initiate B cell signaling and antibody production. Furthermore our previous studies have shown that covalent attachment of the TLR2 agonist Pam 3 CysSK 4 facilitates selective internalization by TLR2-expressing immune cells such B cells and APCs (45) . Uptake and processing of antigen and subsequent presentation of the T helper epitope as a complex with MHC class I or II on the cell surface of APCs, is critical for eliciting IgG antibodies. Over the past decade, numerous studies have shown that selective targeting of antigens to APCs will result in improved immune responses (48, 49) . For example, oxidized mannan, heat shock proteins, bacterial toxins, and antibodies targeting cell surface receptors of DCs have been attached to antigens to increase uptake by DCs. Although these uptake strategies are attractive, they have as a disadvantage that the targeting device is antigenic, which may result in immune suppression of tumor-associated carbohydrates. The attractiveness of Pam 3 CysSK 4 for facilitating uptake by APCs lies in its low intrinsic immunity. Thus, the three-component vaccine will facilitate uptake without suffering immune suppression.
Finally, we found that glycosylation of the MUC1 epitope was critical for optimal reduction in tumor burden. The mechanistic studies provided a rationale for these observations, and immunization with compound 1 led to somewhat higher titers of antibodies that were significantly more lytic compared with the use of compound 2, which lacks the Tn-antigen. Conformational studies by NMR complemented by light scattering measurements have indicated that deglycosylation of MUC1 results in a less extended and more globular structure (50) . Similar studies using MUC1-related O-glycopeptides have shown that the carbohydrate moieties exert conformational effects (10) (11) (12) , which may provide a rationale for differences in immune responses. Also, the use of glycosylated 1 led to the efficient activation of CTLs, which were able to recognize glycosylated and unglycosylated structures, with the former ones being preferred. On the other hand, immunizations with unglycosylated compound 2 led to CTLs that mainly recognize unglycosylated structures. It is known that short Olinked glycans such as the Tn and STn on MUC1 tandem repeats remain intact during DC processing in the MHC class I and II pathways (14-17, 51, 52) and thus it is possible to elicit glycopeptide selective CTL responses. Moreover, there is evidence that MUC1 glycopeptides can bind more strongly to the MHC class I mouse allele H-2K b compared with the corresponding unglycosylated peptide (38) . The progression of carcinomas is not only associated with the modification of MUC1 with truncated saccharides such as the Tn antigen but these structures are present at much higher densities and thus effective immunotherapy needs to elicit responses that are directed to such structures.
In conclusion, a tripartite vaccine engineered to emulate glycosylated MUC1 was unique in its capacity to generate CTL and ADCC-mediating antibodies, which recognized tumor-associated MUC1. This was associated with a significantly superior therapeutic antitumor effect. We hypothesize that a tumor-specific anti-MUC1 response is attainable, but only when the MUC1 component of the vaccine contains the conformational elements of aberrant glycosylation.
Materials and Methods
General Methods for Automated Synthesis of Solid-Phase (Glyco)(lipo)peptides 1-11. (Glyco)(lipo)peptides and were synthesized on RinkAmide AM resin (0.1 mmol) by established protocols on an Applied Biosystems, ABI 433A peptide synthesizer equipped with a UV detector using N α -Fmoc-protected amino acids and the following side chain protection was used: Liposome Preparation for Immunizations. Each glycolipopeptide was incorporated into phospholipid-based small unilamellar vesicles (SUVs) by hydration of a thin film of the synthetic compounds, egg phosphatidylcholine, phosphatidylglycerol, and cholesterol in a Hepes buffer (10 mM, pH 7.4) containing NaCl (145 mM) followed by extrusion through a 0.1-μm Nucleopore polycarbonate membrane.
Immunizations and Tumor Palpation. Eight-to 12-wk-old MUC1.Tg mice (C57BL/6; H-2b) that express human MUC1 at physiological levels were immunized three times at biweekly intervals at the base of the tail intradermally with liposomal preparations of three-component vaccine constructs (25 μg containing 3 μg of carbohydrate) and the respective controls which lack the tumor-associated MUC1 epitope. Cr for 2 h at 37°C, washed, and incubated with serum (1 in 25 dilutions) obtained from the vaccinated mice for 30 min at 37°C. NK cells, which have high expression of CD16 receptor, were used as effectors. These cells were stimulated with IL-2 (200 units/mL) for 24 h before assay. Effector cells were seeded with the antibody-labeled tumor cells in 96-well culture plates (Costar high binding plates) at an effector-to-target cell ratio of 50:1 for 4 h. The release of 51 Cr was determined by the Top Count. Spontaneous and maximum release of 51 Cr was determined. The percentage of specific release was determined: (release -spontaneous release/maximal releasespontaneous release) × 100.
IFN-γ ELISPOT Assay. At time of sacrifice, MAC sorted CD8 + T cells from tumordraining lymph nodes were isolated from treated MUC1.Tg mice and used as responders in an IFN-γ ELISPOT assay as described (34) . Spot numbers were determined using computer-assisted video image analysis by ZellNet Consulting. Splenocytes from C57BL/6 mice stimulated with Concavalin A were used as a positive control.
Serologic Assays. Anti-MUC1 IgG, IgG1, IgG2a, IgG2b, IgG3, and IgM antibody titers were determined by ELISA as described (53) . Briefly, ELISA plates (Thermo Electron) were coated with a conjugate of the MUC1 glycopeptide conjugated to BSA through a maleimide linker [BSA-MI-CTSAPDT(αGalNAc) RPAP]. Serial dilutions of the sera were allowed to bind to immobilized MUC1. Detection was accomplished by the addition of phosphate-conjugated anti-mouse antibodies and p-nitrophenyl phosphate (Sigma). To determine antibody titers against the T helper (polio) epitope, Reacti-bind NeutrAvidin-coated and preblocked plates (Pierce) were incubated with biotin-labeled T helper (10 μg/mL; 100 μL per well) for 2 h. Next, serial dilutions of the sera were allowed to bind to immobilized T helper epitope. Detection was accomplished as described above.
Inhibition ELISAs. Serum samples were diluted in diluent buffer to give without-inhibitor expected final optical density values of ∼1. The diluted serum samples (60 μL) were mixed in an uncoated microtiter plate with diluent buffer, glycopeptide SAPDT(αGalNAc)RPAP (6), peptide SAPDTRPAP (7), or (α-O-GalNAc-Thr (Tn-antigen) in diluent buffer (60 μL) with a final concentration of 0-500 μM. After incubation at room temperature for 30 min, the mixtures (100 μL) were transferred to a plate coated with BSA-MI-CTSAPDT (αGalNAc)RPAP. The microtiter plates were incubated and developed as described above using an alkaline phosphatase-conjugated detection antibody for IgG total. Optical density values were normalized for the optical density values obtained with monoclonal antibody alone (no inhibitor, 100%).
Cytokine Assays. DCs were prepared from mouse bone marrow cultures as described (54, 55) . On the day of the exposure assay, mature DCs were plated as 4 × 10 6 cells per well in 1.8 mL in 24-well tissue culture plates. Cells were then incubated with different stimuli (200 μL, 10×) for 24 h in a final volume of 2 mL per well. Stimuli were given at a wide concentration range (corresponding to final concentrations of 0.1 ng/mL to 100 μg/mL PAM 3 CysSK 4 for 1, 5, or 6 in liposomes and 0.001 ng/mL to 10 μg/mL for E. coli LPS). Supernatants were collected. For estimation of the effect of ATP on IL-1β secretion, DCs were reincubated for 30 min in the same volume of medium containing ATP (5 mM; Sigma), after which supernatants were harvested. Cytokine quantification of mouse TNF-α, RANTES, IL-6, IL-1β, IL-10, IP-10, IL-12 p70, IL-12/23 p40, and IFN-β was performed by ELISA as described (56) .
Statistical Analysis. Multiple comparisons were performed using one-way ANOVA with Bonferroni's multiple comparison test. Differences were considered significant when P < 0.05. Asterisks in figures indicate statistically significant difference (*P < 0.05, **P < 0.01, and ***P < 0.001) and ns indicates no significant difference.
